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Extremely large amounts of heavy noble gases are concentrated in phase Q, which seems to be a carbonaceous
phase analogous to terrestrial Type III kerogen. Phase Q must have very high noble gas retentivity based on the
presence of such extremely large amounts of heavy noble gases in a very minor fraction of the meteorite. To verify
that kerogen is a carrier phase of Q-noble gases, X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) using synchrotron radiation were carried on for kerogens (coals) and carbon allotropes that
had been bombarded by 3-keV Ar ions, and the Ar retentivities of the two materials were compared. This
comparison of the estimated Ar concentrations in the target materials revealed that carbon allotropes (graphite,
fullerene, carbon nanotube, and diamond) have a much higher Ar retentivity than kerogens. This unexpected
result clearly shows that the terrestrial kerogens tested in our study are not suitable as a carrier phase of Ar and,
consequently, that phase Q may not be similar to the terrestrial kerogen tested. If heavy noble gases are really
concentrated in carbonaceous components of primitive meteorites, phase Q may have a more ordered structure
than terrestrial kerogen based on the fact that the greatest difference between terrestrial kerogen and carbon
allotropes is the degree of order of the molecular structure.
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1. Introduction
Primordial trapped components of noble gases preserved
in meteorites provide important information on the early so-
lar system. A large number of trapped noble gas compo-
nents are preserved in distinctive phases of meteorites. Of
these, Q-noble gases are the most important component be-
cause heavy noble gases in primitive chondrites are mainly
hosted by phase Q, which is an oxidizable phase of a residue
of treatment with hydrochloric acid and hydroﬂuoric acid
(e.g., Lewis et al., 1975; Ott et al., 1981; Huss et al., 1996).
Phase Q is also the carrier of about 15% of the He and
Ne. Phase Q is operationally deﬁned as the major carrier of
the heavy noble gases normally trapped in Allende, which
releases noble gases upon treatment with oxidizing acids
(Lewis et al., 1975). This latter process indicates that the
phase is easily oxidized. Although the nature of the resid-
ual material after HCl/HF treatment is ill identiﬁed, phase
Q seems to be a carbonaceous phase (Ott et al., 1981), and
insoluble organic matter in the meteorite is analogous to ter-
restrial Type III kerogen, which is a mixture of organic ma-
terial formed from terrestrial plant matter (Hayatsu et al.,
1983; Murae, 1994; Gardinier et al., 2000; Remusat et al.,
2003). Heavy noble gases in the insoluble organic matter
of a primitive chondrite are largely lost upon pyridine treat-
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ment, suggesting that there are at least two substructures in
phase Q and that Q-noble gases may be trapped in organic
layers (Marrocchi et al., 2005a). Their results also show
that Q-noble gases are not captured in the inorganic mat-
ters.
Noble gases preserved in phase Q have several remark-
able properties. One of the most notable characteristics is
that noble gases, particularly heavy noble gases (Ar, Kr and
Xe), are extremely enriched in a very small fraction. Ac-
cording to one model, 0.04 wt% of the meteorite bulk is
phase Q (Anders, 1981), but this value is only an upper
limit. More than 90% of total Xe virtually exists in the
phase Q of CI chondrite (Huss and Lewis, 1995). Noble
gases are strongly retained in this phase and have a high
release temperature of over 1000◦C even under ultra-high
vacuum (e.g., Huss et al., 1996; Busemann et al., 2000).
This fact means that phase Q has a very high retentivity
of noble gases. The encapsulating mechanism of noble
gases is, however, still unknown. Although several mecha-
nisms are suggested, such as active capture (Hohenberg et
al., 2002), condensation (Frick, 1979), diffusion (Zadnik et
al., 1985), ion implantation (Matsuda and Yoshida, 2001),
and low pressure adsorption (Wacker et al., 1985; Wacker,
1989; Marrocchi et al., 2005b), these processes cannot
completely reproduce the composition and high concentra-
tion of Q-noble gases. Although low-pressure adsorption is
a plausible model to reproduce the composition of Q-noble
gas, in this model Type III kerogen cannot adequately ac-
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count for the noble gas inventory due to its low adsorption
capacity (Marrocchi et al., 2005b).
Another remarkable nature of phase Q is its ordinariness.
The general presence of Q-noble gases in different types of
primitive stony meteorites (e.g., Wieler et al., 1991; Buse-
mann and Eugster, 2002) indicates that a common process
which occurred in the asteroid region of the early solar neb-
ula tightly ﬁxed heavy noble gases to phase Q-forming ma-
terials. Ozima et al. (1998) reported that the elemental and
isotopic compositions of Q-noble gases show some similar-
ity with those of solar noble gases, suggesting the possibil-
ity that Q-noble gases may have been formed through the
capture of these gases in the early solar nebula.
The carrier phase of Q-noble gases must have a high re-
tentivity of noble gases whatever the trapping mechanism
involved. If the carrier phase is truly carbonaceous mate-
rial, noble gases should be encapsulated in the carbon net-
work of molecules or the medium between layers of aro-
matic moieties. In this study, X-ray photoelectron spec-
troscopy (XPS) spectra and X-ray absorption spectra (XAS)
of carbon allotropes and kerogens (coals) irradiated by a 3-
keV Ar ion beam were recorded in order to evaluate their
retentivity and trapping mode of Ar. Argon is the second-
most abundant element in Q-noble gases after He. Although
phase Q is identiﬁed in meteorites based on the presence
and abundance of Xe, the abundance ratio of 36Ar/132Xe
is 76±7 (Busemann et al., 2000). We adopted the 3-keV
ion bombardment as a noble gas implantation mechanism
in our study because only retentivity was evaluated. This
mechanism can inject excessive amounts of Ar into the tar-
get material, and the concentration of Ar in the target ma-
terial strongly depends on the escape rate of Ar from the
target rather than the amount of bombarded Ar. The ion
implantation partially destroys and sputters the target ma-
terial and, consequently, Ar concentration depends on the
incident energy of the injected ions and the composition of
the target material. However, carbonaceous materials were
tested in the study reported here, and the sputtering yield
of carbon was found to be much smaller than that of other
major elements (Greene et al., 1997). It is known that high-
energy (30 keV or more) ion implantation can efﬁciently
produce doped fullerene (Kastner et al., 1993; Watanabe
et al., 2003a, b). Fan et al. (1994) reported that Ar-doped
C60 was produced by the 80-keV Ar+ implantation. Since
there was no obvious difference in infrared spectrum be-
tween unimplanted and implanted C60, these researchers
concluded that the 80-keV ion bombardment did not no-
tably destroy the cage structure of fullerene. Since the en-
ergy of the ion (3 keV) bombardment we adopted is much
lower than that used in previous experiments, the degree of
destruction of the target materials is lower. As such, the
ion bombardment is a suitable method for evaluating the re-
tentivity of Ar, and the escape rate does not depend on the
noble gas implantation mechanism but only on the diffusion
coefﬁcient of the noble gas in the material.
2. Samples
Four carbon allotropes were prepared: Highly Oriented
Pyrolytic Graphite (HOPG) (Alfa Aesar), carbon nanotube
(multi-walled, 20–30 nm), fullerene mixture (nanom mix
ST, C60 60%, C70 25%, higher-order fullerene 15%), and
Chemical Vapor Deposition (CVD) diamond (Sumitomo
Electric). High-purity iron and San Carlos olivine were
also prepared for reference. In order to obtain a clean target
surface, we initially sputtered the samples with 3-keV Ar+
ions for 1 min at an angle of 45◦ from the surface normal.
The seven coal samples were collected in Hokkaido,
north Japan in 1975. Coal represents terrestrial kerogen,
which is a decay product of biological materials. Kerogen is
insoluble in organic solvents (pyridine and carbon disulﬁde)
due to its large molecular structure, and the soluble portion
is known as bitumen. Although kerogen is a mixture of or-
ganic compounds and the structure is extremely complex, it
can be classiﬁed into three main types based on a chemical
composition. The chemical compositions of the seven coal
samples were investigated using three analytical methods:
elemental (CHN) analysis using the J-Science Laboratory’s
JM-10 Micro Corder (CHN corder); Rock-Eval pyrolysis
method by VINCI Technologies Rock-Eval 6 S3 Classic;
energy-dispersive X-ray spectroscopy (EDS) using a JEOL
JED-2200F. In the CHN analysis, a powdered coal sample
was ﬁrst treated with HCl and the carbonate removed. A
2- to 3-mg sample of the residue was heated at 950◦C in a
He/O2 mixing gas and the released H2O, CO2, and N2 gases
measured. This analysis yielded information on the concen-
tration of C, H, and N. The Rock-Eval pyrolysis method
(Espitalie´ et al., 1980) is now widely used for the standard
characterization of organic matter without kerogen isola-
tion. In programmed-temperature pyrolysis, about 10 mg of
a powdered sample, which was not treated by acid, is gradu-
ally heated in N2 gas at 300–600◦C, and the released hydro-
carbons and CO2 subsequently measured. These analyses
can determine the major elemental composition of coals.
The third method, EDS, was also used to investigate the
composition of the heavier (minor) elements in the coals.
The results of CHN analysis and Rock-Eval pyrolysis are
summarized in Tables 1 and 2, respectively. In Table 2, S1,
S2, and S3 are the amounts of free hydrocarbons, hydrocar-
bons generated through thermal cracking of kerogen, and
CO2 produced during pyrolysis of kerogen, respectively. S2
is mainly released at 400–440◦C. The hydrogen index (HI)
and oxygen index (OI), which correlate with the H/C and
O/C atomic ratios, respectively, can be used to characterize
the origin of the organic matter. The production index (PI =
S1/(S1+S2)) is used to determine the maturity of kerogen
and to detect the generation of hydrocarbons. Generally, the
PI increases with subsurface depth and organic maturity.
Kerogens are classiﬁed into three main types called
Types I, II, and III (Durand and Monin, 1980). Type I is
quite uncommon because it is derived mainly from lacus-
trine algae. Figure 1 is a HI/OI diagram (Rock-Eval van
Krevelen-type diagram, van Krevelen, 1950) showing that
the coals are widely distributed in the range between Type II
and III kerogen. They are not classiﬁed into Type I kerogen
due to their low HI. Some coals had detectable amounts
of Mg, Al, Si, S, K, Ca, and Fe, as measured by EDS, and
these EDS results were used to calculate the total photon
cross section of the coals.
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Table 1. Chemical compositions of coals.
C H N C H N
Shin-sarufutsu 2.41 56.0 5.1 1.3 54.7 5.0 1.3 1.09 0.02
Mitsui Ashibetsu 5.12 76.8 5.5 2.2 72.9 5.2 2.0 0.86 0.02
Mitsui Bibai 2.13 70.3 5.8 1.5 68.8 5.7 1.5 0.99 0.02
Mitsui Bibai (py)c 1.04 65.4 5.0 1.7 64.7 4.9 1.7 0.91 0.02
Tomiuchi Fukuyama 5.97 59.6 4.7 1.6 56.1 4.4 1.5 0.95 0.02
Tomiuchi Fukuyama (py)c 2.20 59.1 4.4 1.9 57.8 4.3 1.8 0.90 0.03
Nukibetsu 4.36 30.8 2.6 0.6 29.4 2.5 0.6 1.01 0.02
Nukibetsu (py)c 4.59 17.7 1.4 0.7 16.8 1.3 0.6 0.93 0.03
Obihiro 10.71 53.8 4.8 0.9 48.1 4.2 0.8 1.06 0.01
Taiheiyo Kushiro 4.38 66.9 5.3 1.2 63.9 5.1 1.2 0.96 0.02
Taiheiyo Kushiro (py)c 1.00 60.9 4.4 1.5 60.3 4.4 1.4 0.87 0.02
a Loss in weight by HCl treatment
b Corrdcted for the loss of HCl treatment




whole rock (wt%)bresidue of HCl treatment (wt%)
Table 2. Rock-eval pyrolysis results for coals.
Coal sample Tmax
a S1 (mg/g) S2 (mg/g) S3 (mg/g) TOC (wt%)
b HIc OId PIe
Shin-sarufutsu 423 4.6 195.1 9.3 54.7 357 17 0.02
Mitsui Ashibetsu 433 12.3 193.0 7.0 72.9 265 10 0.06
Mitsui Bibai 415 3.8 106.1 20.6 68.8 154 30 0.03
Tomiuchi Fukuyama 415 3.8 106.1 20.6 56.1 189 37 0.03
Nukibetsu 422 0.9 21.9 18.7 29.4 74 64 0.04
Obihiro 405 8.0 77.5 54.7 48.1 161 114 0.09
Taiheiyo Kushiro 416 4.3 166.4 16.5 63.9 260 26 0.03
a The temperature at which the maximum release of hydrocarbons
b Total Organic Carbon
c Hydrogen index, which is defined as S2
d Oxygen index, which is defined as S3





















Fig. 1. Hydrogen index (HI)/oxygen index (OI) plot for Hokkaido
coals from Rock Eval pyrolysis data. HI and OI are deﬁned as
[S2/TOC] × 100 and [S3/TOC] × 100, respectively. HI is a parameter
used to characterize the origin of organic matter (e.g., Hartman-Stroup,
1987). OI is a parameter that correlates with the O/C ratio. Three curves
indicate the maturation of the organic matter (I: oil prone, II: oil/gas
prone, III: gas prone), and the arrows indicate the increasing maturation
of kerogen.
3. Experimental
XPS is a spectroscopic technique using soft X-ray radia-
tion to study the elemental composition, chemical state, and
electronic state of the surface region of a material. This an-
alytical method can quantitatively determine the elemental
concentration, but detection limits for most of the elements
are higher than 0.1 atom%. Alternatively, XAS is utilized
in various research ﬁelds to examine the local structure and
electronic state of a sample. Other acronyms, such as XAFS
(X-ray absorption ﬁne structure) and XANES (X-ray ab-
sorption near-edge structures) are often used.
The XPS and XAS experiments were performed at the
BL-27A station of the Photon Factory of the High Energy
Accelerator Research Organization (KEK-PF), employing
double-crystals of InSb (111) as a monochromator. The an-
alytical systems installed at the station have been described
in detail in Hirao et al. (2006). The energy resolution of
the monochromator was E/E ∼ 2000, or about 1.6 eV,
where the energy is 3.2 keV (Ar K -edge). The photon en-
ergy was calibrated using the C1s photoelectron peak of
HOPG (284.3 eV) in XPS. Coals and San Carlos olivine
were crushed and powdered in an agate mortar, and the bitu-
men in some of the coal samples was removed by means of a
1-h ultrasonic extraction with pyridine. The powdered sam-
ples (coals, carbon nanotube, fullerene, and olivine) were
embedded on the surface of an indium plate and attached to
a copper plate by carbon tape in order to reduce the charg-
ing effects. Other solid samples were directly set on a cop-

































Fig. 2. Depth proﬁles of quasi-saturated Ar in four targets (C, Fe, San
Carlos olivine, and coal) after a long bombardment time. The results
of SRIM code simulations are used here, and an arbitrary erosion rate
is set in the calculation. The proﬁle of coal is calculated from an
average composition of coals tested in this work. The depth proﬁles
are independent of the erosion rate.
per plate. The samples were introduced into an ultra-high
vacuum chamber with base pressure of 1 × 10−8 Pa. The
analysis chamber consisted of a manipulator, a hemispher-
ical electron energy analyzer (VSW, CLASS-100), and a
low-energy electron ﬂood gun. In XPS, the photon beam
was 55◦ from the surface normal, and the electron takeoff
direction was surface normal. XPS was performed at 3.5-
keV photon energy to obtain the Ar1s peak. The XAS was
obtained from the total electron yields. The spectra were
recorded by plotting the sample current as a function of
photon energy, with the sample current being normalized
to the photon intensity calculated from the drain current of
an aluminum foil located in front of the sample.
Argon ions were produced in a cold-cathode ion-gun
(OMEGATRON Co. OMI-0045CK), and the target mate-
rials were bombarded with 3-keV Ar+ ions at room tem-
perature at the surface normal angle for 30–225 min after
the initial sputtering. The ion ﬂux was in the range of 2.0–
4.5 μA/cm2, and the total number of bombarding ions was
2.2–25.4×1016 ions/cm2. The bombardments were carried
out in the same chamber in which the XPS and XAS anal-
yses were performed. X-ray analyses were started about
10 min after ion bombardment because the vacuum level
was low immediately following the bombardment.
The Ar concentration at the surface region of carbon al-
lotropes could be roughly calculated from the peak area of
Ar1s and C1s in XPS. The concentrations were corrected
for the partial ionization cross section calculated from the
model of Scoﬁeld (1973) and the inelastic mean free path
of electrons (Seah and Dench, 1979). Using the SRIM 2006
code simulation (http://www.srim.org), we calculated that
the 3-keV Ar ions bombarding the carbon stopped at a depth
of 5.1±1.6 nm, which is deeper than the inelastic mean free
path of Ar1s photoelectrons (1.3 nm) whose kinetic energy
is 294 eV. However, the surface concentration of Ar de-


















Fig. 3. Argon concentration in carbon nanotube estimated by XAS in step-
wise bombardment. ArXAS reaches quasi-saturated value of 0.4 atom%
after a 1-h bombardment.
termined by the XPS method corresponds to the maximum
concentration in the target material because the surface of
the target material is continuously eroded by the ion beam
and, eventually, implanted Ar comes to have a characteris-
tic distribution. Figure 2 shows the depth proﬁle of the im-
planted Ar in C, Fe, olivine and coal. When the ions have
bombarded the target material for a long time and the sur-
face is ablated to a depth of 10 nm or more, the shape of the
depth proﬁle depends only on the energy of the bombarding
ions and the composition of the target material, and does
not depend on the sputtering rate and trapping efﬁciency.
This graph clearly shows that the Ar concentration reaches
its maximum on the surface layer, where it can be detected
by the XPS analysis. The concentration of Ar estimated by
XPS is, therefore, much higher than that estimated by XAS
because XAS yields information on a much deeper part of
the samples as described in the following text.
After a long period of Ar+ bombardment, the Ar con-
centration reaches a quasi-saturated concentration, which
is determined by two factors: the trapping efﬁciency of
the bombarding Ar ions, and the sputtering rate of the im-
planted layer of the target material, with the latter being
inﬂuenced by the depth proﬁle of the implanted Ar (Baba et
al., 1992a). Indeed, the Ar concentration reaches saturation
in the stepwise irradiation. Figure 3 presents the change
in Ar concentration in carbon nanotube with Ar+ bombard-
ment. About 6×1016 ions are required to achieve the quasi-
saturated concentration. Other target materials also reach
the quasi-saturated concentration by the ion implantation
method, similar to the case of carbon nanotube.
4. Results
4.1 Ar in carbon allotropes
The quasi-saturation Ar concentrations in carbon al-
lotropes estimated from XAS (ArXAS) and XPS (ArXPS)
are summarized in Table 3. The large difference between
ArXAS and ArXPS is due to the difference in the detection
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Table 3. Quasi-saturated Ar concentrations.
atom % mol/g atom % mol/g
Fullerene 0.41 -4 6.8 -3
Carbon nanotube 0.40 -4 6.9 -3
HOPG 0.79 -4 12.0 -3
CVD Diamond 0.74 -4 11.5 -3
Olivine 0.72 -4
Fe 3.70 -4 25.3 -3
a uncertainties are lower than 13%




a ArXPS (atom %)
b
n.d.c
depth of each analysis. The ArXPS of the four carbon al-
lotropes ranges from 6.8 to 12.0 atom%, indicating that Ar
ions are efﬁciently implanted and retained in the carbon ma-
terials. The concentrations observed in this experiment can
be considered to correspond to the targets’ retentivity of Ar
if their sputtering rates are similar. Since all of the carbon
allotropes are composed entirely of carbon, their sputtering
yields are indeed comparable. Therefore, the maximum sur-
face concentrations of Ar can be used as a convenient index
of Ar retentivity.
Of the four allotropes, HOPG has the highest Ar concen-
tration, up to 12.0%. This result may be due to the trapping
site of Ar: Ar atoms are presumably retained between the
aromatic carbon layers (Hahn and Kang, 2000), and HOPG
is composed entirely of aromatic carbon layers.
In addition to HOPG, CVD diamond has a high Ar con-
centration, the highest being 11.5%, which is consistent
with the fact that diamond in primitive meteorites is a main
phase for primordial noble gases, HL, P3, and P6 (Huss and
Lewis, 1994a, b, 1995). Although fullerene and carbon nan-
otube have lower concentrations than diamond and HOPG,
the Ar concentrations of carbon allotropes are consider-
ably higher than those of diamond and graphite implanted
by other processes, such as shock implantation (0.25 cm3
STP/g atm Ar in diamond; Matsuda and Nagao, 1989) and
vapor-growth diamond and graphite synthesized in ambient
noble gas (<0.15 cm3 STP/g atm Ar in graphite; Fukunaga
et al., 1987; 2–7 cm3 STP/g atm Ar in diamond; Matsuda et
al., 1991). The ion bombardment is one of the most efﬁcient
methods of implanting the noble gas into target materials.
Diamonds are found to have a high retentivity of Ar in
our study, although the trapping site of Ar is clearly differ-
ent from that of the other three allotropes, since diamond
is composed entirely of sp3 covalent bonds. In order to
compare the trapping situations of implanted Ar, we plot-
ted the XAS spectra near the Ar K -edge (Fig. 4). Figure 4
shows that there is no remarkable difference among the ﬁve
spectra, with the K -edge absorption peaks appearing at the
same photon energy. Although noble gas is an inert element
and, presumably, does not bond to carbon, it is known that
the K -edge absorption spectra of noble gases are affected
by the internal pressure (intrinsic stress) of amorphous car-
bon (Lacerda et al., 2002). In the case of Xe implanted
in transition metals, the trapping efﬁciency and the extra-
atomic relaxation energy correlate with the number of d-
electrons in the metals, indicating that the trapped atoms


























Fig. 4. X-ray absorption spectra for four carbon allotropes and Fe near the
Ar K -edge. The carbon allotropes have similar spectra, and K -edge ab-
sorptions appear at the same position of approximately 3207 eV (dotted
line). An arrow indicates the small peak of Fe appearing at 3202 eV.
feel the surrounding metal potential (Baba et al., 1992a, b).
However, we cannot ﬁnd any such difference in the XAS
shown in Fig. 4, indicating that the trapping states of im-
planted Ar in the carbon allotropes are similar to each other
or, alternatively, that the difference in the trapping states is
undetectable in this analysis. On the other hand, the XAS
of Ar-bombarded Fe presented in the graph clearly differs
from the spectra of the carbon allotropes; the K -edge ab-
sorption that shifts to a higher energy and the appearance of
a smaller peak at 3202 eV demonstrates that XAS is sensi-
tive to the surrounding potential. The small absorption may
be assigned to the splitting of 1s4p resonance, indicating
some kind of the interaction between Ar and Fe atoms and
suggesting that the trapping state of Ar in Fe differs from
that in carbon allotropes.
4.2 Estimation of Ar concentration from XAS
When the surface concentration of Ar is low (<1%
atom%), the Ar concentration cannot be estimated from the
peak area of XPS due to the low sensitivity of XPS. In ad-
dition, XPS can only detect Ar atoms existing in the 1-nm-
deep surface layer. In order to estimate the total amount of
implanted Ar, we have developed a convenient method for
estimating of Ar content using the Ar K -edge jump ratio in
XAS. The edge-jump ratio is deﬁned as Ion/Ioff where Ion
and Ioff represent the intensities of the resonant and non-
resonant X-ray absorption, respectively, which are calcu-
lated from the two regression lines shown in Fig. 5(a). The
two lines are calculated from the method of least squares
using the Victoreen formula for the range of 3100–3195
and 3250–3300 eV for Ioff and Ion, respectively. Relative
Ar content can roughly be estimated from the magnitude
of the edge jump of the XAS appearing at 3200 eV. The
XAS is simply composed of the combination of the spec-
tra of Ar and the matrix elements. In the case of the car-
bon allotropes, the matrix element is only carbon. The Ar
content can, therefore, be qualitatively estimated from the
edge-jump ratio.
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Fig. 5. Ion and Ioff of Ar K -edge appeared at approximately 3200 eV in
XAS (a) and a diagram of edge-jump ratio (Ion/Ioff) versus estimated Ar
concentration in carbon, iron, and two coals (b). ArXAS can be estimated
by the edge-jump ratio using the total photon cross section, which is
calculated from the elemental composition of target material and photo
cross sections for each element.
This ratio correlates with the Ar concentration, so the
concentration can be used as an index of Ar retentivity.
The relationship between Ion/Ioff and the Ar concentration
(ArXAS) in carbon, iron, and two coals is shown in Fig. 5(b).
Since the correlation line depends on the elemental com-
position of the target material, the function of each line is
calculated from the integration of the total photon cross sec-
tion of all target elements (Berger et al., 2005). Although
this estimate is only semiquantitative, it is sufﬁciently ac-
curate to compare the concentrations of Ar implanted in the
target materials. The concentration estimated by the method
is systematically lower than the concentration calculated by
the XPS method because XAS can detect atoms that exist in
deeper parts of the target materials than XPS. Table 3 shows
that the Ar concentration estimated by the XAS method is
much lower than that estimated by XPS, indicating that the
concentrations reﬂect the fact that Ar exists within a depth
of a few tens of nanometers.
ArXAS for San Carlos olivine and Fe are shown in Table 3.
Olivine has 0.72 atom% Ar, which is comparable with dia-
mond and HOPG, and Fe has a very high Ar concentration
of 3.70 atom%. Although these values should not be sim-
ply compared with the value for carbon allotropes described
above, it appears that the former can also be good Ar carri-
ers, particularly Fe.
4.3 Ar concentration of kerogens
Figure 6 shows a comparison of the edge jumps in XAS
for HOPG, fullerene, and a kerogen sample (Nukibetsu
coal). The edge jump of the kerogen is signiﬁcantly lower
than those of the carbon allotropes, although the peak posi-
tion of the K -edge absorption appears at the same position
(approx. 3207 eV). This very low jump ratio indicates a
low retentivity of Ar in kerogen. All other kerogen sam-
ples measured in our study have edge-jump ratios compara-
ble to that of Nukibetsu coal, although these samples vary
greatly in terms of their elemental composition (Fig. 1). Ar-
gon concentrations estimated by the XAS method are sum-
marized in Table 4. It is very surprising that the Ar reten-
tivity of kerogen is much lower than that of the carbon al-
lotropes: the average Ar retentivity of all the coals tested in
our study is only 0.04–0.08 atom%. Since there is no sig-
niﬁcant difference between the concentrations of samples
with and without pyridine treatment, the existence of bitu-
men can be considered not to inﬂuence Ar retentivity at all.
There is also no signiﬁcant correlation between ArXAS and
chemical composition, maturity, HI, OI, and PI. This result
presumably indicates that these terrestrial kerogens do not
have ordered structures to capture Ar.
The unexpectedly low Ar concentrations are not due to
artiﬁcial reasons, such as electrical conductivity and the
condition of the sample. We conﬁrmed that there are no
signiﬁcant differences in the shape of XAS and in the es-



























Fig. 6. Edge jumps of HOPG, fullerene, and Nukibetsu coal. The ordinate
is normalized to Ioff. Dotted line shows the peak position of Ar K -edge
appearing at 3207 eV. The edge jump of Nukibetsu is extremely small
compared with the carbon allotropes, showing a low Ar concentration.
All other coals have comparable edge jump with Nukibetsu coal not
shown.
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Table 4. Quasi-saturated Ar concentrations of coals.
atom % mol/g
Shin-sarufutsu 0.06
Mitasui Ashibetsu (chip) 0.07
Mitasui Ashibetsu 0.08
Mitsui Bibai 0.05
Mitsui Bibai (py)a 0.06
Tomiuchi Fukuyama 0.07
Tomiuchi Fukuyama (py)a 0.08
Nukibetsu (py)a 0.05
Obihiro 0.05
Taiheiyo Kushiro (chip) 0.06
Taiheiyo Kushiro 0.07
Taiheiyo Kushiro (py)a 0.04
a Treated by pyridine




of Mitsui Ashibetsu and Taiheiyo Kushiro, as presented in
Table 4. After carefully consideration, we conclude that the
low Ar concentrations of kerogens estimated by XAS cer-
tainly reﬂect actual low concentrations of Ar.
5. Discussion
Our experimental results show that terrestrial Type II and
III kerogens are not good carriers of Ar compared to other
materials due to the former lacking stable trapping sites for
Ar. This result appears to be inconsistent with the assump-
tion that Q-noble gases are trapped in kerogen-like materi-
als. Although the estimated Ar concentrations of kerogens
may be high enough to explain the concentrations of phase
Q-noble gases, we do not know a true concentration of Q-
noble gases because the carrier of Q-noble gases is not yet
separated, and its concentration may be much higher than
that of the acid residue of the primitive meteorite. Phase Q
is distributed in the ﬁne-grained rims around chondrules to-
gether with presolar diamonds (Nakamura et al., 1999). Q
gases may be trapped in very thin coatings of grains, since
grain surface catalysis is one of the mechanisms of organic
formation (e.g., Ferrante et al., 2000). Therefore, the weight
of the carrier phase of Q where the noble gases are actually
preserved is very little compared to the entire weight of the
acid residue. If the size of the Q-containing grains is of the
same order as that of the nano diamonds (about 2.6 nm in
diameter) or the coatings of grains are very thin, the Ar con-
centration of kerogens (0.04–0.08 atom%) may not be able
to account for the concentration of Q-noble gases.
If the carrier phase of Q-noble gases is really carbona-
ceous material, two hypothetical situations can explain the
results found in this work. In the ﬁrst explanation, extrater-
restrial carbonaceous materials are not similar to the terres-
trial kerogen tested in our study, although the structural dif-
ference cannot be investigated by current analytical meth-
ods. If the structure of phase Q is quite different from that
of terrestrial kerogen despite their similar chemical compo-
sition, the trapping efﬁciency of Ar may also be different.
In the second explanation, phase Q is very similar to ter-
restrial kerogen, but Ar was encapsulated into the phase by
some chemical and/or physical process in the early solar
nebula or protosolar molecular cloud, a process which was
not reproduced in our study. However, in our experiments,
the condition of ion bombardment is mild and only the re-
tentivity of Ar is considered. The kerogens tested do not
seem to be suitable as the material of phase Q because their
retentivity of Ar is relatively low. When kerogens are ex-
tremely fragile and more easily sputtered by Ar irradiation
than carbon allotropes, the apparent retentivity of Ar will
become small. However, it cannot be said that kerogens
are extremely fragile compared to carbon allotropes, since
the structures of both these materials are formed by carbon
bonds, and their bond energies are comparable or the same.
The amount of Ar remaining in the target material is con-
trolled by four factors: density of the ion current, bombard-
ment duration, sputtering rate, and trapping efﬁciency (es-
cape rate). Since the bombardment of Ar+ was conducted
under the same conditions for all samples and only the
quasi-saturated concentration is discussed here, the density
of the ion current and bombardment duration cannot be the
reason for the low concentration of Ar in the kerogens. The
sputtering rate of kerogen is presumably comparable with
that of the carbon allotropes for the reason described above.
Thus, the remaining factor, the trapping efﬁciency, is the
main reason. If Ar atoms are in a thermodynamically sta-
ble state in the target material, the trapping efﬁciency rises
naturally when thermal diffusion is overcome. If Ar has
no such stable state, or in other words, if there is no suit-
able trapping site, bombarded Ar can escape to the outside
easily. Energetic Ar ions are decelerated and retained in
the carbon network of kerogen but they are not ﬁxed to the
stopped place due to the lack of a suitable trapping site. The
temporarily stopped atoms eventually are driven outside by
thermal diffusion. The fact that carbon allotropes can pre-
serve much of the Ar from the 3-keV Ar+ beam indicates
that these materials can continue to retain Ar and that they
are not notably destroyed by the ion incidence. Although
Type II and III kerogens contain a higher concentration of
aromatic carbon than Type I, their structure is disordered
compared with crystalline material, appearing like a jum-
ble of aromatic, cyclic, and aliphatic carbons (Behar and
Vandenbroucke, 1987). This structure presumably is one of
the reasons it obstructs the ﬁxation of Ar.
Based on this discussion, we may conclude that the latter
explanation (where phase Q is similar to terrestrial kerogen)
is not likely, although it cannot be completely dismissed,
and that the more acceptable explanation is that phase Q is
not similar to terrestrial kerogen. In support of the former
explanation, the structure of phase Q may have a higher
degree of order than the terrestrial kerogen tested in our
study because the greatest difference between kerogen and
carbon allotropes is the degree of order of the molecular
structure. Kerogens have a larger variety of carbon bonding
than carbon allotropes.
For the latter explanation to be the case, a very improb-
able condition is required: that only the kerogen-like car-
bonaceous material traps noble gas, and all other materials
do not. Although presolar grains evidently existed as solid
matters in the early solar nebula, there are no Q-noble gases
in known presolar grains. The kerogen-like carbonaceous
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material was, therefore, spatially separated from the preso-
lar grains in the trapping process of Q-noble gases. More-
over, a special physical/chemical process may be needed to
tightly ﬁx heavy noble gases in this material. If various ma-
terials were exposed to ambient noble gas at the same time
and if noble gases were injected into them by some pro-
cesses, many materials in addition to kerogen-like matter
must have high concentrations of noble gases and the ex-
tremely biased distribution of noble gases in phase Q would
not be seen. Although aqueous alteration in the meteorite
parent body can remove noble gases from silicate phases,
the process cannot remove Q-noble gases from presolar dia-
mond and graphite because they are stable even in HCl/HF.
Our results show that all materials other than kerogens
have a higher Ar retentivity than kerogens. It is thus very
difﬁcult to concentrate heavy noble gases in low-retentivity
material only.
Although the trapping efﬁciency of Ar probably corre-
lates to the release temperature of the implanted Ar, we
were unable to verify this correlation in our experiments.
Stepwise heating experiments for kerogen and carbon al-
lotropes should be conducted in future studies. A strong
indication that kerogens cannot be analogous to phase Q
would be if the release temperature of implanted Ar in kero-
gens were to be lower than 1000◦C.
6. Conclusion
Argon concentrations in carbon allotropes and kerogens
after Ar ion bombardment were estimated from XPS and
XAS recorded using synchrotron X-rays. The concentra-
tions were used as indexes of the relative retentivity of Ar.
Our results show that Type II and III kerogens clearly have
much a lower Ar retentivity than the four carbon allotropes
(HOPG, CVD diamond, carbon nanotube, and fullerene),
olivine, and Fe. This unexpected result suggests that the
terrestrial kerogens are not suitable as the carrier phase of
Q-Ar.
Since phase Q in reality retains an extremely large
amount of heavy noble gases and the gases are tightly bound
to the phase, the phase Q-forming material must be an ex-
cellent noble gas carrier. Our study, however, shows that the
terrestrial kerogens are inferior to other carbon materials in
terms of noble gas retentivity. This result implies that phase
Q may not be similar to terrestrial kerogen, especially in the
coal samples tested in our experiments. We suggest that the
phase Q may not resemble kerogen and that its structure is
more ordered than that of kerogen. It is unlikely that the
structure of phase Q is similar to terrestrial kerogen.
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